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1. INTRODUCTION
1.1. Background

Inland alkaline soda waters (IASW) are characterized by a permanent pH exciding 9 (pH>9),
enriched with dissolved Na*, HCO3~ + CO3?", and sometimes higher dissolved CI~, and SO4>~ and
lower amounts of alkaline earth metals ions (Ca?* and Mg?*) (Boros & Kolpakova, 2018;
Deocampo & Renaut, 2016; Eugster & Jones, 1979; Jones & Deocampo, 2003). In contrast to other
saline lakes, IASW is distinguished by their higher alkalinity with very dilute inflow originating
from the surrounding volcanic terrain (Deocampo & Renaut, 2016; Pecoraino et al., 2015). IASW
is commonly found in arid and semi-arid regions globally, including the East African Rift Valley
(EARV), the Great Basin in the United States, Central Europe, China, and Russia (Boros &
Kolpakova, 2018; Deocampo & Renaut, 2016; Kempe & Kazmierczak, 2002; Sorokin et al., 2014).
IASW develop in hydrologically closed basins (without the outlet) and evaporation surpasses the
drainage water inputs from the surrounding escarpments (Deocampo & Renaut, 2016; Eugster &
Jones, 1979; Eugster, 1980; Pecoraino et al., 2015). The lake basin's surrounding geology is rich
in Na* and low in Mg?*/Ca?* silicates (Grant & Yu, 2011). Leaching of volcanic minerals from
nearby rocks and soils increases the lake’s alkalinity. Key environmental factors such
as geological, hydrological, and climatic conditions are major contributors to the unique chemical
compositions of IASW (Deocampo & Renaut, 2016; Eugster, 1980; Pecoraino et al., 2015).
IASW are biodiversity hotspots and highly productive, despite the harsh environmental conditions
(Inelovaetal., 2024; Li et al., 2024). Soda lakes are the habitats of diverse microbial communities,
such as phytoplankton, algae, archaea, bacteria, and cyanobacteria, which thrive in environments
with elevated alkalinity and salinity (Ali et al., 2022; Grant & Jones, 2016; Grant, 2004; Jeilu et
al., 2022; Jones et al.,1998). Microbial communities are crucial in the biogeochemical cycling of
carbon, nitrogen, and Sulphur (Sorokin et al., 2014, 2015). The unique chemistry and ecology of
IASW attract scientists interested in extremophiles, biogeochemistry, and astrobiology. These
ecosystems support research in biodiversity conservation, biotechnology, and industrial
applications. IASWs are popular tourist destinations, especially for migrating water birds. IASW
watersheds also provide vital ecosystem services, including water for households, livestock, and
wildlife, salt extraction, climate regulation, water purification, nitrogen cycling, and recreational
opportunities.

1.2. Problem Statement and Justification

Despite the ecological benefits of Tanzania's IASW, their chemical composition is threatened by
human activities, climate change, and inadequate monitoring and waste management (Tebbs et al.,
2013; Yonaet al., 2022). While Lake Natron has been well-studied (Fritz et al., 1987; Mgimwa et
al., 2021; Robinson, 2015; Tebbs et al., 2013; Yona et al., 2022; Zaitsev & Keller, 2006), recent
data on the chemical compositions of other regional IASWs, such as Lakes Balangida, Balangida
Lalu, Mikuyu, Singida, Kindai, and Sulunga, remain limited, with available data dating back to
the 1970s (Hecky & Kilham, 1973). To gain a better understanding a comprehensive, up-to-date



study is essential. Furthermore, the classification of the region's IASW into the respective water
chemical types and their geographical distributions has not been done. In this study, we adopted
Boros & Kolpakova, (2018) classification criteria to classify the IASW in eastern Tanzania into
their distinctive water chemical type. The study aimed to (i) review the chemical properties of
IASW in the Eastern African Rift Valley (EARV), (ii) assess the chemical composition of IASW
in the Eastern Tanzania Rift Valley (ETRV), (iii) classify lakes into distinct water chemical types,
(iv) assess the geographical distribution of these types, and (v) examine environmental and
anthropogenic influences on IASW chemistry using remote sensing and GIS. The findings provide
an overview of IASW chemical composition in East Africa, current chemical status, distinctive
water types, and geographic distribution in the ETRV, setting a baseline for understudied lakes.
This up-to-date information is crucial for scientists and government agencies in monitoring and
managing these ecosystems.

1.3. Research Objectives and Questions

This study aims to review the chemical properties of IASW in the Eastern African Rift Valley
(EARV), assess the chemical composition of IASW in the Eastern Tanzania Rift Valley (ETRV),
classify lakes into distinct water chemical types, assess the geographical distribution of these types,
and examine environmental and anthropogenic influences on IASW chemistry using remote
sensing and GIS.

Objective 1: To review the chemical properties of IASW in the EARV
1.1.  What is the status of the chemical properties of IASW in the EARV?
1.2. How are the IASW water classes of each country distributed in the EARV?
1.3. Howdo Na*, Cl, COs*", and TDS spatially distributed in the EARV?

Objective 2: To classify the IASW in the ETRV into their distinctive water chemical types
2.1. How many lakes are classified as "soda”, “soda-saline™ or "saline™ in the ETRV?

Objective 3: To assess the spatial distribution of the determined chemical types in ETRV
3.1.  How are the IASW water chemical types spatially distributed in the ETRV?

Objective 4: To examine the key environmental elements influencing the chemistry of soda-saline
lake waters using Remote sensing and a GIS-based approach
4.1.  How do the key environmental drivers (Climate, soil types, geological features and
anthropogenic activity), influence the water chemistry of IASW in the ETRV?



2. MATERIALS AND METHODS

2.1. Description of the study area

This dissertation examines the chemistry of inland soda-saline lake waters in the EARV system
(Figure 1), with a focus on the ETRV (Figure 2). The East African Rift System (EARS) is divided
into two sections: the eastern and western rifts. The eastern rift runs from northern Ethiopia through
Kenya to central and southern Tanzania, meeting the western branch at the Mbeya region. The
western rift stretches from Uganda, Rwanda, and Burundi, down through western to southern
Tanzania, continuing through Malawi to Mozambique. The EARS features unique geological and
hydrological phenomena, including active volcanism, tectonic movements, earthquakes, and
geothermal activity (Dawson, 2008b; Scoon, 2020). EARS is characterized by high escarpments,
volcanic peaks, and shallow basins, the EARS has diverse geology with sedimentary rocks, clay-
rich soils, and volcanic rocks like basaltic lava (Owen et al., 2018; Scoon, 2018). Common
minerals in the region include nephelinite with nepheline, augite, anorthoclase, and albite (Scoon,
2018). The natural vegetation is typical of a savannah ecosystem, dominated by grasslands with
bushland in the hilly areas.

The region, particularly the ETRV, experiences intense precipitation from November to May,
followed by a drought from July to October. It has an arid to semi-arid climate, with temperatures
dropping to around 2°C in June or July and reaching highs of 35°C in February, September, and
October (Catherine et al., 2015; Mwabumba et al., 2022). This climate promotes high evaporation
rates, leading to greater water loss than precipitation (Olaka et al., 2010).
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Figure 1: Locations and spatial distributions of the investigated inland saline waters in East Africa
by countries
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Figure 2: Locations of the investigated lakes along eastern Tanzania Rift Valley
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2.2 Data acquisition and analysis

2.3 Chemical Properties of IASW in EARV

The chemistry and pH (when available) of the IASW in the EARV were reviewed based on
published articles from 1965 to 2022. This study focused on lakes with a minimum total dissolved
solids (TDS) concentration of 1 g/L.. We researched relevant peer-reviewed articles using academic
databases like Scopus, CAB Direct, and Web of Science, along with Google Scholar and
specialized websites. Mean values were used where multiple datasets from different depths, times,
or seasons were available. Data from publicly available studies may vary in accuracy and
repeatability but were analyzed using a standard method.

2.4 Carbonate estimation and water chemical types classification

Most authors reported carbonates as total alkalinity using methyl orange and phenolphthalein
indicators. This work estimated precise carbonate and bicarbonate levels from total alkalinity and
pH following Boros's (2023) method. We used the criteria Boros & Kolpakova, (2018) proposed
to classify the water chemical types in the EARV.

2.4 Spatial GIS and Statistical Analysis

This study employed the Global Moran’s I statistic to quantify the degree of spatial autocorrelation
HCOs3 + CO3*", Cl, SO4*and TDS. A spatial weights matrix (contiguity-based, distance-based,
or k-nearest neighbours) was constructed to define the spatial relationships between features. The
Global Moran’s I statistic was computed to evaluate the overall spatial autocorrelation of the
attribute values. The z-score and p-value associated with Moran’s I statistic were calculated to
determine the statistical significance of the results.

2.5 Water sampling and sample analysis

From September 12 to September 18, 2022, we conducted a field expedition in the eastern
Tanzania Rift Valley, as illustrated in Figure 2. We collected three composite samples from each
lake except in Lake Balangida (which was nearly dry) where we collected one sample. In the field
we measured After sample collection, we immediately measured pH, temperature, EC, TDS, and
DO using an Oakton 600 Series Waterproof Portable Meter Kit. For cation analysis (Na*, K*, Ca?*
and Mg?*) samples were filtered through a 0.45 pm filter and acidified with pure HNO3 to a pH of
2. Conversely, samples for anion analysis (HCOs~, COs*", CI-, and SO4*") were left unacidified.
All samples were stored in an ice bath for transport to the laboratory for analysis. The cations (Na,
K*, Ca®", and Mg?") were examined using ICP-MS; CI~ by argentometric titration; COs>~ and
HCOs™ by alkalinity titration; and SO4>~ by turbidimetric titration method.



2.6 Climate and Drought Analysis

We investigated climatic variability using satellite-derived precipitation and temperature data
from selected locations along the watersheds of Lake Natron, Eyasi, and Manyara in northern
Tanzania. This approach was chosen due to the limitations of historical data from
meteorological stations, which are unevenly distributed in the region (Mwabumba et al., 2022).
We obtained satellite-derived precipitation data from the Climate Hazards Group Infrared
Precipitation with Station (CHIRPS) datasets (Funk et al., 2015). We obtained satellite-derived
temperature data from MERRA-2, a component of NASA's POWER project, which offers a spatial
resolution of 0.5°(Westberg et al., 2013). The satellite-derived climatic data, were collected for the
period from 1981 to 2022. We adopted the Standardised Precipitation Evapotranspiration Index
(SPEI) invented by Vicente-Serrano et al., (2010), to assess the frequency and intensity of droughts
in the region.

2.7 Land use land cover (LULC) changes classification

LULC changes in Northern Tanzania were analyzed using Landsat images from 2000, 2014, and
2023. These years were chosen to assess both short- and long-term changes, with images selected
for minimal cloud cover (less than 5%). Landsat-5 TM and Landsat-8 OLI images from the Google
Earth Engine (GEE) platform were processed on GEE to classify LULC types across the study
area. The spectral bands (Blue, Red, Near Infrared, and Shortwave Infrared) were processed, and
indices like the Normalized Difference Moisture Index (NDMI), Normalized Difference Built-up
Index (NDBI), and Normalized Difference Vegetation Index (NDVI) were derived. These bands
and indices were then used as input features for supervised classification, with a spatial resolution
of 30 meters. We identified six LULC categories: water bodies, forests, shrubs/grasses, bare land,
agricultural land, and built-up areas. For each image, at least 330 sample polygons were selected,
and then randomly divided in half where 50% were used for training and the remaining 50% for
validating the classification accuracy (Ahmed et al 2024). The Random Forest (RF) classifier was
chosen to categorize the three Landsat images due to its proven high accuracy in identifying
diverse land use and land cover (LULC) classes across various environments (Rodriguez-Galiano
et al., 2012; Thonfeld et al., 2020)



3. RESULTS AND DISCUSSION
3.1 Chemical properties and chemical type classification of EARV

The chemical properties of the EARV are comprehensively detailed in Table 1 by Lameck et al.,
(2023). Table 1 presents the regional number of the classified lakes by country following Boros &
Kolpakova,(2018) classification and Figure 3 provides a visual representation of the water
chemical type of the IASW of the EARV. Results showed soda water lakes account for 73.2% (41)
of the region’s lakes, with the largest number in Tanzania (20 lakes, 46.7%), followed by Ethiopia
(9 lakes, 22%), Kenya (8 lakes, 19.5%), and Uganda (4 lakes, 9.8%). Soda-saline types account
for 12.5% (7) of the lakes in the region, with all of them located in Tanzania. Additionally, 14.3%
(8) of the lakes are classified as saline water, primarily found in Uganda (4 lakes, 50%), Tanzania
(3 lakes, 37.5%), and Ethiopia (1 lake, 12.5%). The study emphasizes the prevalence of soda water
and soda-saline lakes in the region. This distribution highlights regional variations in lake
chemistry, with Tanzania hosting the majority of soda water soda-saline lakes. Furthermore, the
presence of saline water types, particularly in Uganda, Tanzania and Ethiopia adds another layer
of complexity to the region's hydrochemistry.

3.2 Spatial distributions of Na*, CI-, COs*", and TDS in EARV

The Moran’s I spatial autocorrelation analysis reveals that the distribution of Na*, Cl, SO+*,
HCOs™ + COs*, and TDS across the EARV shows significant spatial autocorrelation (p < 0.0001),
as presented in Table 2. Na’, CI, and SO.*> exhibit strong clustering patterns, whereas
bicarbonate/carbonate shows weaker clustering. These clustering patterns indicate non-random
spatial distributions for all ions and TDS across the EARV. This spatial pattern reflects regional
influences such as geological sources (mineral dissolution), weathering or biological processes,
hydrological connectivity, or evaporation rates, which contribute to varying these ions across the
study area.

Figure 4 depicts the geographical distribution patterns Na*, CI-, COs>", and TDS in EARV. The
results revealed that the spatial distribution patterns of Na*, CI~, CO3*>", and TDS in the Eastern
Rift generally showed an increasing concentration gradient from north to south, except for Afrera
Lake in northern Ethiopia and lakes in Uganda (Western Rift). The north-south concentration
gradient of Na*, CI-, COs*", and TDS in the Eastern Rift is influenced by the region’s active
volcanic and tectonic activity (with most lakes of volcanic and tectonic origin), arid to semi-arid
climate, prevalence of volcanic rocks, recharge from alkaline hot springs, and deep groundwater
connectivity beneath the Rift Valley (Eugster, 1970; Fazi et al., 2018; Schagerl & Renaut, 2016).
High concentrations of major ions in EARV lakes may lead to the salinization of freshwater and
soil (Kaushal et al., 2021). Key environmental factors driving this salinization include dissolved
salt intrusions and climate change impacts (Godebo et al., 2021; Musie & Gonfa, 2023; Zebire et
al., 2019). Rising temperatures in the region further exacerbate evaporation, causing concentrated
salt deposits to accumulate in the soil. Over time, these factors could severely reduce soil fertility
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and limit the availability of clean freshwater for both human and wildlife populations in the Rift

Valley.
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Figure 3: The water chemical type of the IASW of the EARV
Table 1: Regional number of the classified lakes by country
Country Soda Soda-saline Saline Total
Tanzania 20 7 3 30
Kenya 8 0 0 8
Ethiopia 9 0 1 10
Uganda 4 0 4 9
Total 41 7 8 54

Table 2: The statistical results of spatial autocorrelation with the inverse Euclidean distance

method by using chemical variables

Autocorrelation Na* Cl- SO HCO; + CO3*~ TDS
Moran's Index: 0.392495 0.437955 0.470169 0.280613 0.389283
Z-score: 4.714042 5.239139 5.701369 3.460942 4.675865
p-value: p<0.0001**** p<0.0001**** p<0.0001**** 0.000538*** p<0.0001****




100,

500N

Legend
. 3 Chiaride distribution (/L)
N\ Tanzania gl
A ® 20200 - 72300
? J N g { ® 72300 - 137200
3 = ) - ey
\ ]:3 250 %00 750 ?Voe\,{n‘ BE
) ! il )
5t 35o6E

s J B Sl
00E 25°0.0F 300.0F FO0E AO0E T50.0E W00t 2700t a0t 0700

Legend
Sodum distribution (mg/L)
® 315-27%25

® 27525 - 84000

® 54000 - 138000
. EARV

10°00%5

Legend 8] Legend
Garbonate distributon (mg/L) 4 TOS distribution (mg/L)
® 9590 — N anzan®a v ® 1350 - 80343
{f ® 5950 - 19600 (g ® 343 - 255820
R { ® 19600 - 3100 ! 7 g 9 ® 255820 - 416010
gl f . 3 L 2 G — @ - Ry
g % 0 250 o 750  TRoewkm . [o—2s0 %oo 750 IR0 \
g 3 — — ) E — — =

o

W00E BO0E W00E

oF 000k T0.0F 00.0¢ WO0E T DRt 00 I500E A000E S00E SO0

Figure 4: Spatial distributions of (a) Na* (b) CI~ (c) COs*, and (d) TDS in EARV

3.2 Hydrochemical Characteristics of ETRV Lakes

The ETRV Lakes display distinct hydrochemical types, as shown in Figure 5. Lakes Natron and
Manyara exhibit Na-K-HCO3z composition, which reflects a strong volcanic influence in northern
Tanzania (Abdallah et al., 2023; Deocampo & Renaut, 2016; Deocampo, 2004; Foster et al., 1997;
Pecoraino et al., 2015) as these lakes lie within active tectonic zones where volcanic processes
enrich the water with alkali and carbonate ions. In contrast, lakes Balangida and Balangida Lalu
exhibit a Na-SO4 composition, possibly due to weathering of sulfur-bearing minerals and
agricultural runoff. This points to the impact of human activities, such as fertilizer use on farms
around the vicinity of the lake, which may result in increased sulfate levels. Such changes can alter
aquatic habitats, potentially affecting species composition and leading to shifts in ecosystem
dynamics. Meanwhile, Lakes Sulunga, Kindai, Singidani, Mikuyu, and Eyasi are characterized by

a Na-Cl type, linked to evaporative concentration and halite mineral dissolution. The presence of
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salt-rich hydrochemistry in these lakes implies that arid to semi-arid climatic conditions and high
evaporation rates drive mineral concentration. The variations in hydrochemical types underscore

the sensitivity of these lake systems to both natural and anthropogenic influences.
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Figure 5: The Piper diagram showing the evolutional hydrochemical types of ETRV lakes

3.3 Geographical distributions of the IASW in ETRV

Figure 6 depicts the spatial geographical distribution of IASW in ETRV. The study revealed a
decline in soda-saline characteristics from northern to central Tanzania. Soda and soda-saline lakes
are predominantly in Arusha and Manyara regions. Saline-type lakes are predominantly found in
the central regions of Singida and Dodoma. This distribution pattern is likely to be influenced by
variations in geology, topography, and volcanic activity Figure 7. In northern Tanzania, the
prevalence of volcanic rocks (Dawson, 2008; Ghiglieri et al., 2012; Kisaka et al., 2021; Lyu et al.,
2018; Mizota et al., 1988; Nanyaro et al., 1984; Scoon, 2018) supports the formation of soda-saline
lakes. In contrast, the central regions feature basement and consolidated sedimentary rocks
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(Eriksson & Sandgren, 1999; Macdonald et al., 2000), leading to the development of non-soda
lakes. The volcanic activity contributes to alkali-rich ions, supporting the formation of soda lakes,
whereas the absence of such activity in central areas allows other lake types to form. Additionally,
groundwater flow in basinal-flow systems can alter anion compositions transforming HCO3™ to
SO4> and then to CI~ (T6th, 1999) which may play a role in the distribution of soda-saline lakes.
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Figure 6: The geographical distributions of IASW in ETRV
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Figure 7: The geological features surrounding the IASW in the ETRV

3.4 Drought Analysis with satellite-based climate data in northern Tanzania

Figure 8 shows validation results comparing CHIRPS precipitation data and MERRA-2
temperature data to station data. The analysis yielded an RMSE of 0.94 (R2 = 0.54) for MERRA-
2 temperature data and 65.52 (R? = 0.53) for CHIRPS precipitation data. These results indicate
that MERRA-2 and CHIRPS datasets are reliable and appropriate for use in drought studies, as
they closely align with station-recorded measurements.

Figure 9 illustrates the SPEI trends over 3-, 6-, and 12-month intervals, using the satellite-based
rainfall and temperature data across Lake Natron, Lake Manyara, and Lake Eyasi basins from 1981
to 2022. The 3-month SPEI captures frequent dry and wet events, while the 6- and 12-month scales
better highlight significant, long-term drought patterns. The analysis revealed increasing drought
severity across all basins, with severe drought events recorded from 1987 to 1992, 2000-2010, and
2012-2017. An extended drought from 2012 to 2017 further emphasizes this trend, which aligns
with findings of rising drought frequency and intensity across East Africa (Gebremeskel et al.,
2019; Polong et al., 2019). Previous investigations in the region have confirmed that the frequency
of drought episodes has increased since 2000 (Slegers, 2008; Kijazi and Reason, 2009; Leweri et
al., 2021; Mdemu, 2021; Verhoeve et al., 2021). The intensifying drought conditions, likely driven
by climate-related shifts in precipitation and temperature, pose threats to the ecosystems of soda-
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saline lakes. These results highlight the need for proactive resource management and policy
measures to safeguard lake health and secure water resources for future generations.
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Figure 9: The SPEI evolution at 3-, 6-, and 12-month timescales for Lake Manyara, Lake Natron,
and Lake Eyasi basins highlights the variation in the duration, severity, and intensity of dry and
wet events.

3.6 Land Use and Land Cover (LULC) Changes in the northern Tanzania
3.6.1 Accuracy statement

The overall accuracies were above 80% while the Kappa coefficients were greater than 0.70 (Table
3). These results were within the acceptable range; therefore, we proceeded to use the classification
outputs (Landis & Koch, 1977).

Table 3: Table 4 Accuracy Assessment

2000 2014 2023
Overall accuracy 92.55 84.59 81.57
Kappa hat 0.87 0.75 0.72
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3.6.2 LULC and Lake areas statistics and maps

Table 4 and Figure 10 show spatial and temporal changes in LULC classes. In 2000 and 2014,
bareland dominated the study area (58.73% and 50.77%), followed by shrubs and grasses (21.80%
and 33.47%). By 2023, shrubs and grasses became the largest LULC category (37.66%), with
bareland close behind (37.48%). Built-up areas consistently covered the smallest area, while water
bodies remained the second smallest, occupying 5.07%, 2.87%, and 3.05% each year.

The analysis of individual lakes showed that Lake Eyasi consistently had the largest area across
all three study years (Table 5). In contrast, Lake Manyara had the smallest area in 2000 (54,873.81
ha) and 2014 (21,760.61 ha). By 2023, however, Lake Natron had the smallest area (20,368.59 ha)
indicating distinct patterns of area change among the lakes over time. In 2014, both lakes revealed
declines in catchment areas (Figure 11), likely due to prolonged droughts from 2000 to 2017
(Figure 9), which reduced precipitation and water inflow, contributing to the observed lake
shrinkage.

Table 4: LULC areas and percentages for 2000, 2014 and 2023

2000 2014 2023
LULC Class Area
Area (ha) (%) Area (ha) Area (%) Area (ha) Area (%)

Water bodies 262304.42 5.07 148491.07  2.87 157900.61  3.05
Forest 334007.72 6.46 183211.33 354 258615.37 5
Shrubs & grasses ~ 1127623.3 21.8 1731349.05 33.47 1948192.3  37.66
Bareland 3037905.51 58.73 2626045.29 50.77 1938675.6 ~ 37.48
Agricultural land ~ 410050.59 7.93 479914.71  9.28 865253.47 16.73
Built up 748.8 0.01 3628.89 0.07 4003.99 0.08
Total 5172640.34 100 5172640.34 100 5172641.34 100
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Figure 11: Maps showing the spatio-temporal dynamics of the three lakes in the study area
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Table 5: Individual Lakes statistics for 2000, 2014 and 2023 in the study area

Lake 2000 2014 2023
Area (ha) Area (ha) Area (ha)
Lake Natron 73332.90 34970.02 20368.59
Lake Eyasi 115284.80 35788.93 68479.04
Lake Manyara 54873.81 21760.61 55036.17

3.6.3 LULC and lake changes

Table 6 illustrates changes in various LULC classes over time. Between 2000 and 2014, forest
areas declined by -45.15%, water bodies by -43.39% and bareland by -13.56%, while agricultural
land expanded by 17.04%, built-up areas by 384.63%, and shrubs and grasses by 53.54%. From
2014 to 2023, all LULC categories except bareland showed area increases. Overall, between 2000
and 2023, water bodies (-39.80%), forests (-22.57%), and bareland (-36.18%) declined, while
agricultural land (111.01%), built-up areas (434.72%), and shrubs and grasses (72.77%) increased.
Similar trends of expanding in agricultural land and urban/built-up areas alongside shrinking water
bodies have been observed in studies of the Urmia Lake basin in Iran and Lake Naivasha in Kenya,
mainly due to human activities and climate impacts (Onywere, 2012; Chaudhari et al., 2018). The
expansion of built-up areas in the area is closely linked to population growth (Ministry of Finance
and Planning, 2022), which drives agricultural expansion and intensification to meet food and
commercial demands (Onyango et al., 2015). Increased agriculture typically leads to more water
use for irrigation and applications of fertilizers, pesticides, and herbicides, which can alter water
chemistry and promote algal blooms (Evans et al., 2019; Zahoor & Mushtaqg, 2023). Previous
studies highlight human activities as the primary cause of significant shifts in land use and water
resources (Chaudhari et al., 2018). Over the past two decades, the study area has also experienced
considerable deforestation, likely from anthropogenic activities. Deforestation accelerates soil
erosion and nutrient run-off into lakes, altering their chemical compositions (Hay, 1998).
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Table 6: LULC changes between the study years

LULC class 2000-2014 2014-2023 2000-2023

ha % ha % ha %
Water bodies -113813.35 -43.39 9409.54 6.34 -104403.81 -39.8
Forest -150796.39 -45.15 75404.04 41.16 -75392.35 -22.57
Shrubs & grasses 603725.75 53.54 216843.25 12.52 820569 72.77
Bareland -411860.22 -13.56 -687369.69 -26.18 -1099229.91 -36.18
Agricultural land 69864.12 17.04 385338.76 80.29 455202.88 111.01
Built up 2880.09 384.63 375.1 10.34 3255.19 434.72

Table 7: Changes in individual Lake area coverage between the study years

Lake name 2000-2014 2014-2023 2014-2023
Area (ha) Area (ha) Area (ha)
Lake Natron -38,362.88 -14,601.43 -52,964.31
Lake Eyasi -79,495.87 32,690.11 -46,805.76
Lake Manyara -33,113.20 33,275.56 162.36

Further analysis of individual lakes revealed notable changes in area coverage over the study
periods (Table 7). Lake Natron experienced a steady decrease from 2000 to 2023, while Lakes
Eyasi and Manyara showed reductions from 2000-2014 followed by expansions from 2014-2023
(Table 7). Overall, Lake Natron and Lake Eyasi recorded net area losses of -52,964.31 ha and -
46,805.76 ha, respectively, whereas Lake Manyara had a slight net gain of 162.36 ha (Table 7).
The decline in the lake catchment area is linked to water abstraction (Goshime et al., 2019) and
climate variability (Yao et al., 2023), affecting water volumes and, consequently, lake chemistry
and ecosystem health. Our findings align with prior studies on Lake Natron’s surface area, which
showed variability due to climate fluctuations and watershed degradation (Tebbs et al., 2013).
Similarly, stakeholder analyses identified water depletion, local human activities, siltation, and
evaporation as primary challenges for Lake Manyara (Janssens de Bisthoven et al., 2020).
Research on Eastern Rift Valley Lakes, including Natron, Eyasi, and Manyara, also associates
water level shifts with geological, climatic, and biological factors (Yanda & Madulu, 2005).
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4.0 CONCLUSIONS AND RECOMMENDATIONS

4.1 Conclusions

This thesis presents a detailed analysis of the chemistry of the inland soda-saline lake waters in the
East African Rift Valley (EARV) system, focusing on the ETRV. We compiled and reported
chemical data from 56 inland soda salt waters in the EARV into a comprehensive database. The
results of our study revealed that the dominance sequence of major cations and anions in the EARV
is as follows: Na* > K* > Ca?* > Mg?" and HCOs + COs* > CI~ > SO4*. Among the
examined lakes, 73.2% were soda water chemical types, 12.5% were soda-saline water, and 14.3%
were saline water chemical types. The spatial distributions of Na*, CI-, CO3s*", and TDS in the
EARV revealed a gradual increase in the concentration gradient of Na*, CI-, COs*>", and TDS
(salinity) from the northern to the southern regions of the eastern branch of the EARV. However,
Lake Afrera, situated in the Danakil depression in the north of Ethiopia and Ugandan lakes
(Western Rift), stands out as a significant exception from this pattern.

In the ETRV lakes, Na* dominates, with lower amounts of K*, Ca?*, and Mg?*, and mixed
dominance of HCOs; + COz*, CI, and SOs. From Northto Central Tanzania,
we observed decreasing soda lake characteristics. Soda-type and soda-saline lakes were more
widespread in northern Tanzania (Arusha and Manyara), whereas saline lakes were common in
the middle region between Dodoma and Singida. The volcanic predominant in northern Tanzania
likely influenced the dominance of soda and soda-saline lakes in northern Tanzania (Arusha and
Manyara). The regional groundwater gravity flow could also account for the observed trend of
soda-saline characteristics in the ETRV. We observed temperature and precipitation variability in
northern Tanzania. The SPEI results showed drought episodes from 1987, with prolonged droughts
between 2000 and 2017 perhaps caused by regional and global climate change. The intricate
relationship between the climate, soils, and geological features in northern Tanzania plays a crucial
role in triggering the creation of soda-saline lakes. For the 23-year study period (2000-2023),
we noted LULC changes. Water bodies decreased by 39.80%, forests by 22.57%, and bare land by
36.18%. Water bodies fell 39.80%, woods 22.57%, and barren ground 36.18%. Conversely,
agricultural land rose 111.01%, built-up areas 434.72%, and bushes and grasses 72.77%. The
analysis of the individual lakes revealed decreased area coverage in 2014 for all lakes while in
2023 lake area coverage of Natron decreased while for Lake Eyasi and Manyara, the coverage area
increased. Human actions such as an increase in agricultural and built-up areas reflect population
increases and suggest the LULC alterations. The decrease in waterbodies and forests
negatively harms lake ecosystems and biodiversity. Policymakers and stakeholders must consider
LULC trends for sustainable development and conservation. Understanding the complex
interactions between climate change, drought, and the ecosystem in this region requires more
investigation.

20



4.2 Recommendations

According to the findings of this study, the following recommendations can be made:

(62}

ok~

1. Establish a Regular Monitoring System: It is important to establish and implement a
continuous monitoring system to track changes in the chemistry of soda-saline lakes over
time. Ongoing monitoring will provide valuable insights into any shifts in lake chemistry
and offer early warnings of potential changes due to climatic or anthropogenic influences.

2. Implement Climate Change Mitigation Strategies: Climate change initiatives aiming at
reducing the frequency and severity of droughts should be prioritized. This includes
optimizing water management practices, reforestation and anti-deforestation programmes,
controlling the emission of pollutants from industry and promoting sustainable land use
practices.

3. Incorporate Land Use and Land Cover (LULC) Change into Regional Planning: It is
important to integrate patterns of land use and land cover change into regional planning
frameworks. This should include policies that address deforestation and promote
sustainable land use practices, as the reduction in water bodies and forests, coupled with
the expansion of agricultural and urban areas, highlights the urgent need for sustainable
land management to preserve biodiversity and ecosystem services.

4. Raise Public Awareness on the Ecological Importance of Soda Lakes: Raising public
awareness about the ecological value of soda lakes is vital for fostering community support
for conservation efforts. Initiatives of educating the public on the importance of these
ecosystems will encourage sustainable practices that help reduce environmental
degradation

. KEY SCIENTIFIC FINDINGS AND IMPORTANT OUTPUT

I have compiled and reported chemical data and classified EARV inland soda salt waters into
a comprehensive database based on their distinctive water chemical type. | have determined
that 73.2% of the lakes were soda type, 12.5% soda-saline type and 14.3% saline type.

This study revealed a north-to-south gradual increase in the concentration gradient of Na*, CI,
HCO3;™ + COs*" in relation to the volcanic spatial pattern, and TDS (salinity) across the eastern
branch of the EARV.

Soda and soda-saline lakes were predominant in northern Tanzania (Arusha and Manyara),
while saline lakes were more common in the central region (Singida and Dodoma).

In northern Tanzania, prolonged drought episodes were observed between 2000 and 2017.
LULC analysis showed declines in water bodies, forests, and bare land, with increases in
agricultural land, built-up areas, and bush/grassland

Between 2000 to 2014, all lake catchment areas decreased, but between 2014 and 2023, only
Lake Natron continued to shrink, while Lakes Eyasi and Manyara expanded.
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